In this work the possibility to reverse engineer the transverse isotropic carbon fibre properties from the 3D homogenized elastic tensor of the UD ply for the prediction of woven ply properties is explored. Ultrasonic insonification is used to measure the propagation velocity of both the longitudinally and transversally polarized bulk waves at various symmetry planes of a unidirectional (UD) Carbon/Epoxy laminate. These velocities and the samples' dimensions and density are combined to obtain the full 3D orthotropic stiffness tensor of the ply. The properties are subsequently used to reverse engineer the stiffness tensor, assumed to be transversely isotropic, of the carbon fibres. To this end, four micro-scale homogenization methods are explored: 2 analytical models (Mori-Tanaka and Mori-Tanaka-Lielens), 1 semi-empirical (Chamis) and 1 finite-element (FE) homogenization (randomly distributed fibres in a Representative Volume Element). Next, the identified fibre properties are used to predict the elastic parameters of UD plies with multiple fibre volume fractions. These are then used to model the fibre bundles (yarns) in a meso-scale FE model of a plain woven carbon/epoxy material. Finally, the predicted elastic response of the woven carbon/epoxy is compared to the experimentally obtained elastic stiffness tensor. The predicted and measured properties are in good agreement.
Introduction
Multiscale modelling for fibre reinforced composites promises more accurate prediction of the stiffness and the occurrence of several subcritical damage mechanisms up until final failure of the composite materials. In practice, this is done by modelling the small scale constituents and their interactions as individual entities. For Fibre Reinforced Plastics (FRP), the existing approaches can be categorized according to the length scale on which these entities are M A N U S C R I P T figure 1 . The micro-scale, where fibres, matrix and fibre-matrix interface are modelled, is used for the modelling of microcracking in Uni-Directional (UD) composite plies [1, 2, 3, 4, 5, 6] . The meso-scale, where fibre bundles and matrix are distinguished, is an intermediate scale for woven [7, 8, 9, 10] or braided [11, 12, 13] composites.
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Regardless of whether these models are based on an analytical or Finite Element (FE) framework, the separate treatment of the constituents requires their individual mechanical properties as input. However, the datasheets of 10 manufacturers typically only contain the stiffness and strength of the fibre in the fibre direction [14] and the properties of the cured composite layer [15] in the plane of the ply. Typically, no mention is made of the properties of pure matrix or transverse properties of the fibres.
Indeed, the mechanical properties of the pure matrix can be obtained using standard testing methods on pure matrix samples. The properties of the fibres in the shear and transverse direction with respect to the main fibre axis 15 are however not easily determined. There exist experimental methods to determine them. Examples are Dynamic Mechanical Analysis (DMA) or microscopy in combination with single fibre testing [16, 17, 18, 19, 20] . These methods, however, require specialized equipment which is not present in every laboratory and are often combined with specific (analytic) models to identify the searched property.
Researchers often bridge the knowledge gap of unknown mechanical properties by assuming that values for compa-20 rable materials from other literature sources apply to their material. Popular reference works are [4, 21] . Examples of where these are referenced include but are not limited to [2, 7, 22, 23, 24, 25] . Another approach is to reverse engineer the constituent properties from macro-scale experimental results. This was extensively used in the recent composite failure prediction benchmark organized by the Air Force Research Laboratory [26, 27] where several participants calibrated the constituent properties on the available experimental data [28, 29] .
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Note that, although the reverse engineering approach is promising, it can only be used to estimate the properties of the constituent fibres and matrix in micro-scale models. For fibre bundles, the variability in shape, placement and fibre volume fraction [7] provides significantly more variables. Unless detailed information on the placement of the fibre bundles is available, reverse engineering the fibre bundle properties directly using a meso-scale model from the constituent material cannot be done. The situation is different when the properties of the fibre bundles could be 30 determined when it is assumed that fibre bundles can be discretized as UD plies. When the fibre and matrix properties
are known, one can analyze multiple micromodels at several fibre volume fractions. In that case the homogenized UD ply properties can be used as input for the fibre bundles leading to the prediction of woven ply macro properties.
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Since the properties are carried and identified along multiple scales, a comparison of the latter to the experimental evidence provides a validation of the multiscale modelling approach. When successful, the procedure not only provides 35 confidence in reverse engineering of fibre and matrix properties but also provides a basis for virtual optimization of the woven fibre architecture.
In this work, the authors propose a complete multiscale procedure for the prediction of woven ply elastic properties starting from reverse engineered fibre and matrix properties. The idealized procedure for this using 3D ultrasonic insonification is shown in figure 2 . First the knowledge gap in experimental ply properties is bridged by identifying 40 the 3D elastic stiffness tensor for a UD laminate using contact ultrasonics in both through transmission and pulseecho mode [30] . The 3D elastic properties of the matrix and fibres are reverse engineered followed by a prediction of the homogenized properties of a UD ply at a range of fibre volume fractions. These predictions are then used as input for the fibre bundles in a meso-scale plain woven model. As depicted in the ideal procedure, figure 2 , it is attempted to compare the outcome of the meso-scale model to the 3D elastic stiffness tensor from the woven laminate. 45 Unfortunately, determination of the tensor via ultrasonic insonification was not possible due to large attenuation in the signal. As alternative, the predictions by the meso-scale model are compared to the measured experimental properties from standard tensile testing of the woven laminate. In the next sections, first the experimental characterization using contact ultrasonics is given. This is followed by the identification of the fibre and matrix properties from the experimental elastic tensor in Section 3 and the forward 50 prediction of the woven material properties in Section 4. Section 5 contains the conclusions.
Experimental Characterization
Ultrasonic testing relies on the fact that the speed of propagation of ultrasound waves through a solid depends on the mechanical properties of that medium. Provided that the time-of-flight (TOF) can be recorded with sufficient accuracy, ultrasonic wave speeds can be determined along different symmetry planes, from which the elastic properties 55 of a laminate can be derived [31, 32] . To study the behaviour of a fibre in UD and woven configuration, it is important that the same fibres and matrix are used in both variants. Therefore the material selected is Pyrofil M A N U S C R I P T The contact ultrasonic pulse-echo and through-transmission methods were used to measure the phase velocity of Ratio (SNR) of the recorded echoes. Multiple echoes in the transmission signal were cross-correlated. The first echoes of the respectively transmission and reflection signals were used to retrieve the TOF of the bulk waves in the material and subsequently the wave velocities could be calculated. At certain symmetry planes the Christoffel equation for orthotropic media yields a set of closed formulas from which the elastic parameters can be determined using phase velocity of ultrasonic bulk waves [32] .
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Given ρ the density of the material, v i,i the velocity of a longitudinal wave traveling in the x i direction, v i,j with i = j a shear wave traveling in the x i direction and with a particle displacement in the x j direction and v ij,ij a quasi-longitudinal or quasi-shear wave traveling in the x i x j plane, the relation between the elements of the C-tensor M A N U S C R I P T
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and the ultrasonic wave velocities can be written down as [32] (Voigt notation):
(1)
(2)
(4)
With these formulas the stiffness tensor values are calculated. 
stiffness tensor for transverse isotropic properties are shown below:
Testing the relationships between the experimentally determined values it is observed that, considering the given standard error, the relationship (13) The resulting values are shown in table 2. The same ultrasonic identification of the 3D elastic tensor is done for the pure matrix material and for the woven material. The resulting stiffness properties of the pure matrix are shown in table 3. For comparison, the properties measured using standard quasi-static methods are shown as well. As can be seen in the table, there is a large difference between the measurements by quasi-static and ultrasound. This is also attributed to strain rate dependent behaviour.
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Unfortunately, the ultrasonic signals for the woven material show a large attenuation. This is probably caused by the undulation of the fibre bundles within a ply. Consequently, the elastic properties cannot be obtained with sufficient confidence using this method. Therefore, the idealized procedure proposed in figure 2 cannot be completed at this time. To provide a comparison between predicted and experimentally obtained values of the woven material,
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the in-plane properties of the woven laminate are determined using standard tensile tests according to ASTM D3039 [36] and ASTM D3518 [37] . Further discussion on this topic is given in Section 4. 
Identification of Transverse Isotropic Fibre Properties
The fibre properties cannot be determined directly from the experimental data. Therefore, they have been identified through reverse engineering using a homogenization method [40] . A micro-mechanical model based on the material properties of its constituents and its micro-structure is needed to determine the homogenized properties of a UD laminate. In a general micro-mechanical model the homogenized stiffness tensor of the UD laminate C UD can be written as a function of the stiffness tensors of the matrix C m and fibres C f as follows:
where the function h takes into account the micro-structure of the UD laminate. This relationship cannot be inverted analytically, and the fibre properties must be obtained using an iterative identification until the homogenized stiffness 110 tensor C UD matches with the experimental data C UD . The steps to calculate the fibre properties are described in the next sections.
3.1. Micro-structure of the UD laminate In order to define the homogenization function of equation (14), four micro-structure models have been chosen. formulation) [43] ; one semi-empirical model, Chamis [44] ; and a finite element model based on a Representative
Volume Element (RVE) that mimics the random distribution of fibres, see figure 4 (b).
The analytical and semi-empirical homogenized models used in this study assume that the fibers are infinite 125 cylindrical inclusion oriented in one direction with a uniform distribution in the plane transverse to the fibers. They are formulated in a closed form with the stiffness tensors. Therefore, the homogenized properties of the UD laminate C UD are computed directly from the stiffness tensor of the matrix C m and the guessed stiffness tensor of the fibres
On the other hand, the finite element model retains additional information about the micro-structure, such as the random distribution of fibres and the non-uniformity of the volume fraction. As a disadvantage, there is no closed 130 form of the formulation and an iterative procedure is necessary to obtain a solution. Then, it is needed to perform one FE simulation per iteration which involves higher computational cost.
Micro-mechanical model based on finite elements
The geometry of the model is given by a periodic RVE which is a cuboid composed of a random distribution of cylindrical fibres parallel to direction 1, see figure 5 . The radius of the fibres is known, r f = 3.6 microns, and the 135 volume fraction is fixed, v f = 0.6. Therefore, the dimensions of the transverse section l 2 and l 3 are calculated from the number of fibres n f , r f and v f assuming an initial hexagonal distribution. Because of the imposed periodicity in the direction of the fibres, l 1 is not relevant for the results. To minimize the computational effort, only one layer of elements is used in this direction and l 1 is determined by the element size.
The random distribution of fibres is generated with a simple collision model which keeps the general v f constant in 140 a prefixed domain [45, 46] . A script in Octave [47] is used to generate different RVEs with a total of 30 fibres. Next to that a RVE with 150 fibres is generated as well, where the non-uniform fibre volume fraction through the ply-thickness is mimicked, see figure 4 (b).
The geometry is discretized using wedge elements with 6 nodes and 2 integration points (C3D6 [48] ), see figure 5 . for the RVE. Periodic Boundary Conditions (PBCs) [49] are applied between the three pairs of parallel faces of the geometry. The homogenized elastic properties are obtained by imposing 6 load cases, three longitudinal and three shear strains (ε 11 , ε 22 , ε 33 , ε 23 , ε 13 , ε 12 ), as macro-strains via the PBCs. For each load case, the stress field at the integration points is obtained. Weighted volume averaging of the stress field in combination with the imposed macro-strains results in the homogenized stiffness tensor of the UD laminate.
where σ i is the average stress, V k and σ k i are the volume and stress in the k-th node for direction i = 1,...,6 (Voigt notation). ε j is the j-th strain load (j = 1, ..., 6 Voigt). 
Iterative identification method of fibre properties
Since the fibre stiffnes tensor C f cannot be directly obtained from equation (14) for the selected micro-structure models, an iterative method is used to estimate it. The iterative method is based on the secant method. The analysis is started by assuming two starting values for the fibre stiffness tensor [C f ] 0,1 . The initial guesses are determined using the rule of mixtures and Mori-Tanaka,
where the strain concentration tensor
is computed with the fibre stiffness tensor from the first guess
0 , I is the identity matrix (6x6), and ξ is the Eshelby tensor for cylindrical inclusions [50, 51] .
The guessed fibre tensors and the matrix tensor are used in the homogenized model to obtain the homogenized M A N U S C R I P T
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Then, the new value for the fibre stiffness tensor is determined using
where [Φ] i is the residual stiffness tensor calculated as the difference between the experimental and homogenized stiffness tensor of the UD laminate,
It is important to mention that equation (20) The new value for the fibre stiffness tensor is reintroduced in the homogenization method and the procedure is repeated until the coefficients of [Φ] i are below a certain tolerance. To be in agreement with the accuracy of the experimental data, this tolerance must be lower than the last significant figure of the experimental stiffness coefficients.
In this work a tolerance of 10 −6 is used to reach a precision of 4 significant figures. 
Identification of fibre properties
The carbon fibres are commonly assumed to have transversely isotropic properties due to their internal structure and the cylindrical geometry. Therefore, the orthotropic stiffness tensor is simplified using (10)- (13) to a stiffness tensor with only 5 independent coefficients. Table 4 shows the fibre properties from the iterative identification for the experimental data assuming the trans- 
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There was some concern that the existence of non-evenly distributed fibre volume fraction in the ply and at ply interface could influence the elastic properties of the laminate. The RVE of 150 fibres, with the non-uniform fibre volume fraction, however, only shows slight orthotropic behaviour. The longitudinal components C 22 , C 33 and the shear components C 12 , C 13 differ by 1%. More remarkable differences up to 4% are seen between the shear components C 55 and C 66 . There is a difference of 4% between the coefficient C 23 and the ideal value for transverse isotropic behaviour For this dataset, and with the volume fraction of 60%, this plateau is lower than the experimentally observed value which explains the unrealisticly high value for G f 12 . 
Prediction of properties of UD laminate
With the material properties of each constituent, fibre and matrix, the properties of UD laminates with different volume fractions v f are calculated by means of finite elements. The UD laminate properties for v f between 50% and M A N U S C R I P T Comparing the three tables, it can easily be seen that the differences in single fibre properties are projected on the predicted UD laminate properties. For example, fibre property Set 2 has the highest Poisson's ratio and consequently the predicted properties using this set for the UD laminate have the highest Poisson's ratio. In the next section it is shown whether the same observation can be made when the UD laminate properties are used to predict the properties of the woven material. 
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properties for a UD yarn for v f = 0.50 − 0.90 with the fibre properties of MTL. Volume fraction v f 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 E
Prediction of Woven Ply Elastic Properties
The prediction of the mechanical properties of a woven ply is carried out using a Representative Unit Cell (RUC)
at the meso-scale where two ingredients are required: (i) knowledge about the geometrical placement of the yarns in 200 the laminate structure to construct and mesh the RUC and (ii) knowledge about the mechanical properties of the constituents (yarns and matrix) that will be assigned to each geometrical region.
Knowledge about the geometrical arrangement of the fibre bundles in the laminate has been obtained by the authors in a previous work [7] . Detailed in-situ measurements of the fibre bundle shape throughout the structure were obtained from micro Computed Tomographic X-ray (microCT) scans of the material. The shape of the yarns was analyzed from which it was concluded that the general method for constructing RUCs (using simple shape functions)
is insufficient to correctly represent them. Specifically, the inability to achieve a realistic representation of ply nesting and the variation in shape of the yarn along its path are limiting factors. To resolve this, a new method for the construction of a meso-RUC was proposed. The Measurement Enhanced Shape Identification (MESI) method uses a general and periodic form of the superelliptic function to provide smoothly varying closed yarn regions. The transverse shape of the yarn is defined with a general form of the superelliptic function:
where 2w yarn and 2h yarn are the lengths of the major and minor axis, respectively yarn width and height. c tip and c top are two fitting parameters that control the shape curvature. y is the yarn lengthwise direction. The variation of the heartline is defined with a periodic form of the generalized superellipse:
where Round[x, 2] is a rounding of x to the nearest multiple of 2, a is one fourth of the period of the signal, b is the amplitude and e is the mean through thickness height. The curvature can again be tuned using c 1 and c 2 . Note that the dependency of the shape parameters in the y-direction allows to obtain the aforementioned smooth variable cross 205 section along the yarn heartline.
The effect of the curvature parameters and possible yarn shapes and heartline paths are illustrated in figure 6 M A N U S C R I P T [7] and 7. Detailed information on the identification of the shape parameters for this material can be found in [7] . The resulting configuration is a 2-ply RUC shown in figure 8 , where the plies are nested out-of-phase to achieve a correct yarn-matrix volume fraction.
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A consequence of the variable cross section is that the fibre volume fraction (v f ) of the yarns varies accordingly. This is shown for the warp yarns in steps of 5% v f in figure 9 . Now the value of the multiscale method for material property identification becomes clear. Instead of having to perform multiple cumbersome experiments to determine the properties of the UD material at several fibre volume fractions (table 6), the predictions of the FE model with 30
fibres RVE can readily be used as input for the respective yarn regions. Determining this experimentally is laborious 215 because it is difficult to control the volume fraction during production.
The meso-RUC is meshed with 43,520 C3D20 hexahedrals in the yarns and 532,875 C3D10 tetrahedrals in the matrix resulting in a total of 1,235,692 nodes. The average element edge length is 56.29µm. A mesh convergence modulus G 12 which is predicted to be 50% higher than the experimentally observed one in both MESI homogenizations.
Indeed, the predicted shear modulus for MESI-MTL is closer to the experiment. This is due to the lower fibre shear modulus predicted by MTL as can be seen in Table 4 . Note, however, that although the difference between the fibre shear modulus of MTL and FE-RVE is more than 50%, the homogenized ply shear modulus only dropped by 20%.
This illustrates that the fibre modulus only has a limited influence on the shear stiffness. The stiffness of the matrix 230 thus plays a more significant role. Recall that the properties of the matrix were measured using contact ultrasound.
Although the ultrasound produces a low strain amplitude in the material, the high frequency causes the material to be strained at higher strain rates than in quasi-static testing. It is known that polymers exhibit viscoelastic behaviour.
The stiffness of the material increases with increasing strain rate. Therefore, the elastic properties of the matrix and UD material, obtained from contact ultrasound, are representative for a higher strain rate. Consequently, the 235 predictions by the MESI-RUC in table 9 are valid for high strain rate tests on the woven material. The experimental work on the woven material, however, is obtained using standard tensile testing at a low strain rate. Due to the fact that there are no fibres in the shear direction this comparison suggests that strain rate dependence of the matrix might have a dominating role.
The difference in the assumed Poisson's ratio of the UD material does not seem to have a significant influence. A 240 difference is visible in the prediction of the woven ply Poisson's ratio ν 12 . The adapted version for the woven laminate
Poisson's ratio is 40% higher compared with the unadapted one. This is a lot less than the initial difference of 90% (ν 12 = 0.176 vs ν 12 = 0.335) between the ratios for the UD laminate. Clearly the transverse fibres in the woven material M A N U S C R I P T 
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Conclusion
In this work a multiscale method to identify the 3D transverse isotropic elastic properties of carbon fibres from ultrasound measurements of a UD material is presented. The individual fibre and matrix properties are subsequently used to predict the elastic stiffness tensor for woven material from the same fibres and matrix. Considering experimental 250 scatter the meso-RUC is able to predict the properties of the woven ply quite adequately using the homogenized yarn properties from an analytical method and a micro-RVE. The disagreement with the in-plane shear stiffness G 12 needs to be investigated further.
An important aspect for the identification of fibre properties is the ability to obtain the 3D mechanical properties of the UD laminate. In this work this was done using the ultrasonic testing of small cubes of the UD, woven and 255 matrix material. Also, a number of topics for further investigation are identified. Work needs to be done to resolve the ill-conditioned identification problem. As mentioned in Section 2 the uncertainty in the determination of the Poisson's coefficients C 12 , C 13 and C 23 caused the authors to consider manually adapting the ultrasonically measured UD ply
Poisson's ratio ν 12 = 0.176 to the static tensile experimentally measured value of ν 12 = 0.335. Finally, adapting this values does not seem necessary as Poisson's ratio of the woven material is only limitedly influenced, section 4.
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Other work needs to be done on the identification of woven ply properties using ultrasonics. This was attempted but aborted due to the large attenuation in transmitted ultrasonic waves. To allow ultrasonic determination of the 3D mechanical properties of the woven material, the cause of the large attenuation needs to be identified. At the moment it is thought that the undulation of the yarns in combination with a plain woven ply cell with approximately the size of the ultrasonic transducers play a role. This will be investigated in future research.
265
Identification of the fibre properties from the measured UD laminate properties was done with 2 analytical, 1 semi-analytical and 1 FE model based on a RVE. It is shown that, depending on the chosen method, the identified properties can vary considerably. Unfortunately, there are no direct experimental measurements of the full set of elastic coefficients of individual fibres. This prevents to assess which model is the most accurate. The MT and MTL models were identified as the models providing the boundaries within which the fibre properties could lie. It is shown M A N U S C R I P T
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here that there is negligible difference between the use of MTL or the FE model with a RVE for the identification of fibre properties. Both methods produce equally good predictions.
Although some work remains, two conclusions are drawn from this research: (i) Backward identification of fibre properties from 3D mechanical properties of UD laminates results in acceptable values and (ii) Multiscale prediction of woven properties from fibre and matrix properties leads to good predictions of the ply mechanical properties. 
